Abstract -Twelve healthy primiparous sows received intramammary inoculation with Escherichia coli (serotype O127) during the 24-h period preceding parturition. Mammary gland biopsy samples were taken immediately before inoculation (0 h) and from the inoculated and the contralateral noninoculated glands 24 h after inoculation. The analyses of interleukin-1 beta (IL-1β), IL-6, IL-8, and tumor necrosis factor alpha (TNF-α) by immunohistochemistry revealed that the production of these proinflammatory cytokines significantly increased in the inoculated mammary glands of sows that developed clinical signs of mastitis (affected group, n = 4) 24 h after inoculation. This was also true for IL-8 in the inoculated mammary glands of sows that did not develop clinical signs of mastitis (nonaffected group, n = 8). Sows that developed clinical signs of mastitis displayed significantly lower constitutive production of IL-1β than did sows that remained clinically healthy. The data indicate that the development of clinical symptoms of coliform mastitis in the sow is associated with a locally increased proinflammatory cytokine production in response to intramammary E. coli infection.
INTRODUCTION
The proinflammatory cytokines mediate the early local and systemic responses to microbial challenges. These small proteins, including interleukin-1 beta (IL-1β), IL-6, IL-8, and tumor necrosis fac-component of a paracrine/autocrine communication network in the mammary gland throughout the different stages of pregnancy and parturition [25, 44] . It should be noted that a low constitutive production of some of these cytokines may take place in healthy individuals [22, 23, 55] .
During the development of mastitis, in the cow as well as in the sow, it has been shown that the proinflammatory cytokines not only provide defence against bacterial infections, but also contribute to the clinical symptoms of disease [5, 30, 44, 46, 49, 50, 59] . For instance, it has been established that IL-1β, IL-6, IL-8, and TNF-α play a role in the initiation of the inflammatory responses following intramammary inoculation with Escherichia coli [6, 45, 48, 59] . Analyses of biopsies collected from mammary glands of sows inoculated with E. coli demonstrated the transcription of the genes for a number of proinflammatory cytokines, but analyses of IL-6 and TNF-α in the same set of sows revealed that variations in serum/plasma concentrations were not reflected in the mRNA expression in mammary tissues [59, 60] . This observation stresses the importance of relating observations at the mRNA level to the functional protein in order to understand the biological significance of the results and to disclose mechanisms of regulation. For instance, a diverse range of stimuli can affect IL-1β, IL-6, IL-8 and TNF-α production and activity at various stages, including transcription, translation, cleavage and cellular release, or at the level of interaction with a receptor-mediated mechanism [2, 3, 17, 40] . As regards mastitis and cytokines the data are limited concerning the interrelationship between the local mRNA expression and protein production, and the systemic blood concentrations. Likewise, the knowledge about the association between the local amount of proinflammatory cytokines in the mammary gland and the outcome of infectious disease is scanty in domestic animals. Therefore, the aim of the present study was to investigate the amount of proinflammatory cytokines such as IL-1β, IL-6, IL-8, and TNF-α presented in mammary tissues of sows following intramammary inoculation with E. coli. The analyses were performed on biopsy material collected before and after inoculation with E. coli in sows that developed or did not develop clinical signs of mastitis. Cytokines were detected by immunohistochemistry (IHC) on cryostat sections and the amount of cytokine production was assessed by computerized image analysis.
MATERIALS AND METHODS

Animals
Twelve pregnant crossbred (Swedish Landrace × Yorkshire) primiparous sows were obtained from a commercial farm and used in the study [43] . Sows were obtained approximately 6 to 8 weeks before anticipated parturition. Clinical signs of mastitis or other diseases were not observed in any of the sows before the start of the study. Experimental procedures and housing conditions were approved by the Ethical Committee for Animal Experiments, Uppsala, Sweden.
Experimental model and categorization of sows
The experimental model and categorization of sows have been described in detail previously [43] . In brief, each teat on the right side of mammary glands (inoculated glands) was inoculated with 0.5 mL of bacterial suspension (10 5 colony forming units (CFU)/mL) containing E. coli strain serotype O127 during the 24-h period before parturition. The contralateral mammary glands were used for sampling from non-inoculated glands. Four of the inoculated sows developed prominent clinical 
Biopsy procedure
The biopsy procedure was performed as previously described [35] . Briefly, two biopsies per mammary gland were carried out using a Bard Magnum Biopsies instrument and a (12G × 10 cm) core tissue biopsy needle (CR BARD Inc., Covington, GA, USA). Mammary gland biopsy was performed immediately before inoculation (0 h) and from the inoculated and the contralateral non-inoculated glands at 24 h after inoculation. The specimens were immediately frozen in liquid nitrogen and stored at -80
• C until used for analyses.
Immunohistochemistry
Monoclonal or polyclonal antibodies combined with the avidin-biotinperoxidase complex (ABC) technique (Vectastain Elite ABC Kit, Vector Laboratories, Inc., Burlingame, CA, USA) was used for the immunohistochemical detection of IL-1β, IL-8 [47] , IL-6, and TNF-α (Tab. I). All samples from one animal were analysed within the same assay run, and within each assay run both affected and nonaffected animals were included.
Cryostat sections (7 μm in thickness) were prepared from each biopsy sample, air dried and fixed in acetone for 10 min at room temperature. The slides were incubated two times for 30 min each at room temperature in Tris-buffered saline (TBS; pH 7.6) supplemented with 10% normal serum of the species from which the secondary antibody was produced. The sections were then incubated with the primary antibodies (Tab. I) overnight in a humidified chamber at 4
• C. Biotinylated antibodies at a dilution of 1:500 (goat anti-rabbit for IL-1β, horse anti-mouse for IL-6, and rabbit anti-goat for IL-8 and TNF-α) were applied as secondary antibodies (Vectastain Elite ABC Kit, Vector Laboratories, Inc., Burlingame, CA, USA) for 30 min at room temperature. After washing 3 × 5 min with TBS, the slides were incubated for 20 min in H 2 O 2 (0.3% in Methanol) to block endogenous peroxidase activity, and then washed three times. The slides were incubated with ABC reagent according to the manufacturer's instructions (Vectastain Elite ABC Kit, Vector Laboratories, Inc., Burlingame, CA, USA). After repeated washing in TBS, the slides were flooded with fleshly prepared 3, 3'-diaminobenzidine tetrahydrochloride (DAB Chromogen; DakoCytomation Denmark A/S, Glostrup, Denmark) containing 0.03% H 2 O 2 to give a brown reaction product. The slides were counterstained with 10% Mayer's haematoxylin (VWR international AB, Stockholm, Sweden) and mounted with glycerolgelatin. As negative controls, the primary antibodies were replaced by rabbit IgG, goat IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA), or mouse IgG1 (Dakocytomation Denmark A/S, Glostrup, Denmark) at the same concentration as the corresponding primary antibody. To check the specificity of the secondary antibodies, the primary antibodies were replaced by TBS.
The DAB stained areas (the positively stained areas) in the sections were quantified using an image analysis software (Easy Image 3000, TEKNO OPTIK AB, Göteborg, Sweden). Five fields (magnification, 200 ×) from each tissue sample (3 section slices were prepared from each sample) were captured using a Nikon Microphot FXA equipped with a Nikon DS-5M digital camera (Nikon, Japan). The DAB color-specific staining was determined by defining a threshold for hues and intensities that corresponded to those color attributes that were assessed as positive in five randomly selected samples within the same assay run, compared with negative controls. This spectral threshold was then used for analyzing all images for that particular cytokine within the same run of IHC. Hereby, an unbiased continuity of analysis across samples was achieved. For each sample, a relative value of the amount of cytokine produced was expressed as the average percentage of the positively stained areas in five view fields. These data were accordingly considered as semiquantitative.
Statistical analysis
All statistical evaluation was performed by the use of a computerized statistical software package (Version 9.1, SAS Institute Inc., Cary, NC, USA). Before analysis normality of data was assessed using the PROC UNIV. The fixed effect of sow category, mammary gland sample and the interaction between sow category and mammary sample were analysed by PROC MIXED. The random effect of sow within sow category was included in the statistical model. When there was an overall effect of sow category or mammary gland sample (P < 0.05), pairwise comparisons between the least-square means were made. P values < 0.05 were considered statistically significant.
RESULTS
Most of the samples obtained from sows 24 h after inoculation exhibited accumulation of leukocytes in alveolar lumina and stroma, compared with samples obtained from sows before inoculation. The cytokines IL-1β, IL-6, IL-8, and TNF-α were detected in all mammary gland biopsies regardless of the samples were obtained from sows before or 24 h after intramammary inoculation with E. coli. IL-1β and IL-6 was mainly localized to epithelium surrounding the lobulo-alveoli and endothelium, both in the cells and adjacent to the cells, positive staining was also seen in leukocytes (e.g. alveolar lumina) (Figs. 1A and 2A ). IL-8 was likewise localized to epithelium, endothelium, but also to leukocytes (e.g. in alveolar lumina) (Fig. 3A) . The TNF-α localization was similar to IL-8, except that TNF-α was more scattered throughout the cell (Fig. 4A) .
Computerized image analysis of the IHC staining indicated that in the nonaffected group, the amount of IL-1β produced remained unaltered in samples collected from either the contralateral non-inoculated or inoculated mammary glands 24 h after inoculation (Fig. 1B) . In the affected group, the IL-1β produced increased in samples collected from both the non-inoculated (1.5-fold, P = 0.0040) and inoculated mammary glands (1.6-fold, P = 0.0014) 24 h after inoculation. Notably, comparison between samples collected from the non-affected and affected groups before inoculation, revealed that the amount of IL-1β produced was less (1.3-fold, P = 0.0449) in samples collected from sows that became affected by the inoculation than in samples collected from sows that remained clinically healthy. In the non-affected group, the amount of IL-6 produced remained unchanged in samples collected from either the noninoculated or inoculated mammary glands 24 h after inoculation (Fig. 2B) . Also, in samples collected from the contralateral non-inoculated mammary glands from the affected group, the amount of IL-6 produced remained unaltered. In contrast, the IL-6 produced increased (1.2-fold, P = 0.0382) in samples collected from the inoculated mammary glands from the affected group. There were no notable differences in the amount of IL-6 produced between the two groups of sows in any of the samples.
Twenty-four hours after inoculation, an increase in the IL-8 produced was found in samples collected from the inoculated mammary glands from the nonaffected group (1.7-fold, P = 0.0065) as well as from the affected group (1.6-fold, P = 0.0438), but not in samples collected from the non-inoculated mammary glands from any of the groups (Fig. 3B ). There were no differences in the amount of IL-8 produced between the two groups in samples collected from either the preinoculation or inoculated mammary glands 24 h after inoculation.
In the non-affected group, the TNF-α produced remained unchanged in samples collected from either the non-inoculated or inoculated mammary glands 24 h after inoculation (Fig. 4B) . In contrast, the TNF-α produced increased (1.4-fold, P = 0.0459) in samples collected from the inoculated mammary glands from the affected group 24 h after inoculation.
DISCUSSION
The earliest and most potent proinflammatory cytokine released by the host in response to infection, has an essential role in the development of infectious disease [15, 16, 39, 40] . Here we show that proinflammatory cytokines can be constitutively produced in mammary glands of healthy sows at parturition. Following intramammary inoculation with E. coli, we found a significant increase in the proinflammatory cytokine production in the inoculated mammary glands of sows that developed clinical signs of mastitis.
The cytokines were found both in the cytoplasmic compartments and scattered throughout the cells in mammary tissues. A similar distribution has been reported for TNF-α in human breast cancer tissues [9] . For such distribution of immunoreactive proteins, computerized image analysis is far more reproducible than manual scoring in assessing positive areas [19, 27] . Even so, immunohistochemistry is only a semiquantitative assessment of the amount of cytokine, and gives a relative measurement implying that comparisons between the various cytokines are not possible. Consistent with the constitutive mRNAexpression of proinflammatory cytokines in mammary tissues [60] , the proinflammatory cytokine production here was also seen in mammary tissues obtained from sows before inoculation with E. coli. These findings are consistent with previous studies in rats, humans as well as in cows where some baseline constitutive production of cytokines takes place in normal mammary glands [7, 23, 56] . Similarly, proinflammatory cytokines have also been found in serum/plasma collected from healthy pregnant sows [59] as well as pregnant women [4, 24, 57] . The proinflammatory cytokines have been proposed to play a physiological role at parturition by being involved in the regulation of the parturition as such [13, 29] . Also, cytokines appear to be an important component of a paracrine/autocrine communication network in the mammary gland at different stages of pregnancy and parturition [25, 44] .
Interestingly, we found that the constitutive production of IL-1β at both the mRNA [60] and protein level here was lower in the mammary glands of sows that developed clinical signs of mastitis compared with sows that remained clinically healthy. A number of reports have suggested that IL-1β is essential for host defence against a variety of infectious challenges [14, 18, 38] . The underlying mechanisms of this remain at large unknown, even though it has been reported that IL-1 is necessary to stimulate the production of chemokine attractants for neutrophils such as macrophage inflammatory protein-2 (MIP2) and IL-8, which in turn recruit neutrophils to the site of infection, an event required for bacterial clearance [21] . Thus, these earlier data and the data presented here call for further studies to elucidate a possible role of IL-1β in protection against coliform mastitis. The analysis of proinflammatory cytokine production by immunohistochemistry revealed that the production of IL-1β, IL-6, IL-8, and TNF-α significantly increased in the inoculated mammary glands of sows that developed clinical signs of mastitis 24 h after intramammary inoculation with E. coli, and for IL-8, an increased production was also found in the inoculated mammary glands of sows that did not develop clinical signs of mastitis. These results are consistent with a previous study on those cytokine mRNA expression in mammary tissues obtained from the same set of sows [60] . Notably, the increased production of IL-1β, IL-6, and TNF-α was not seen in the inoculated mammary glands of sows that remained clinically healthy 24 h after inoculation, although an increased expression of TNF-α was found at the mRNA level [60] . Possibly, in these sows there may be abundant and regulated release of anti-inflammatory mediators [40, 53] , limiting the production of the inflammatory cytokines. However, in accordance with our results, previous studies in cows have shown a significant increase in the proinflammatory cytokines at the level of both mRNA [33, 37] and protein [6, 11, 26, 32, 45, 48, 54] in either mammary tissues or milk collected from the infected glands following intramammary inoculation with E. coli. The results here indicate that the development of clinical symptoms of coliform mastitis in the sow is associated with a locally increased proinflammatory cytokine production in response to intramammary E. coli infection. Regarding IL-8, an increased production was found in the inoculated mammary glands of both sows that did or did not develop clinical signs of mastitis. This may be interpreted as IL-8 has a physiological role in the lactating porcine mammary gland to attract neutrophils, which is supported by data in other species and by data showing that colostrum collected from healthy sows contains a high proportion neutrophils [36, 41] .
Previously we have shown that the concentrations of IL-6 and TNF-α in blood were higher in sows that developed clinical signs of mastitis compared with sows that remained clinically healthy 24 h after intramammary inoculation with E. coli [59] , whereas no differences were found in IL-6 and TNF-α mRNA expression in infected mammary glands between the two groups [60] . The observations here, including the same set of sows, are in accordance with the mRNA data, i.e. the production of these proinflammatory cytokines in inoculated mammary glands did not differ between the two groups. Possible explanation for this discrepancy between systemic and local proinflammatory cytokine levels might be that proinflammatory cytokines could also be produced elsewhere but the site of bacterial inoculation [1, 8, 12, 15] . Alternatively, there might be a larger diffusion of cytokines into the blood in the sows with clinical signs of mastitis attributable to the inflammatory damage of mammary glands.
In the present study only one third of the inoculated sows developed clinical mastitis. Previously we have not been able to show an impaired function of granulocytes before inoculation, the cells crucial in bacterial clearance in the mammary gland, in the sows that developed clinical signs of mastitis [43] . This study on the events preceding the granulocyte response, revealed that the production of IL-1β, IL-6, IL-8, and TNF-α significantly increased in the inoculated mammary glands of sows that were clinically affected by intramammary infection with E. coli. In addition, we found that there were lower levels of constitutively produced IL-1β in mammary glands of sows that developed clinical signs of mastitis compared with sows that remained clinically healthy. The data indicate that the development of clinical symptoms of coliform mastitis in the sow is associated with a locally increased proinflammatory cytokine production in response to intramammary E. coli infection.
